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ABSTRACT
Aims. We study the formation and evolution of the tidal tail released from a young star Pleiades-like cluster, due
to expulsion of primordial gas in a realistic gravitational field of the Galaxy. The tidal tails (as well as clusters) are
integrated from their embedded phase for 300Myr. We vary star formation efficiencies (SFEs) from 33% to 100% and
the timescales of gas expulsion as free parameters, and provide predictions for the morphology and kinematics of the
evolved tail for each of the models. The resulting tail properties are intended for comparison with anticipated Gaia
observations in order to constrain the poorly understood early conditions during the gas phase and gas expulsion.
Methods. The simulations are performed with the code nbody6 including a realistic external gravitational potential of
the Galaxy, and an analytical approximation for the natal gaseous potential.
Results. Assuming that the Pleiades formed with rapid gas expulsion and an SFE of ≈ 30 %, the current Pleiades are
surrounded by a rich tail extending from ≈ 150 to ≈ 350 pc from the cluster and containing 0.7× to 2.7× the number of
stars in the present-day cluster. If the Pleiades formed with an SFE close to 100%, then the tail is shorter (. 90 pc) and
substantially poorer with only ≈ 0.02× the number of present-day cluster stars. If the Pleiades formed with an SFE of
≈ 30 %, but the gas expulsion was adiabatic, the tail signatures are indistinguishable from the case of the model with
100% SFE. The mass function of the tail stars is close to that of the canonical mass function for the clusters including
primordial gas, but it is slightly depleted of stars more massive than ≈ 1M for the cluster with 100% SFE, a difference
that is not likely to be observed. The model takes into account the estimated contamination due to the field stars and
the Hyades-Pleiades stream, which constitutes a more limiting factor than the accuracy of the Gaia measurements.
Key words. Galaxies: star formation, Stars: kinematics and dynamics, open clusters and associations: general, open
clusters and associations: individual: Pleiades cluster
1. Introduction
The formation of star clusters commences in infrared dark
clouds, which are the densest parts of giant molecular
clouds. Young massive stars formed within the cloud im-
part a large amount of energy to the cloud in several differ-
ent forms: ionising radiation (Spitzer 1978; Tenorio-Tagle
1979; Whitworth 1979), stellar winds (Castor et al. 1975;
Weaver et al. 1977), radiation pressure (Pellegrini et al.
2007; Krumholz & Matzner 2009), and later (after & 3 Myr)
supernovae (Sedov 1945; Taylor 1950; McKee & Ostriker
1977; Ostriker & McKee 1988; Cioffi et al. 1988; Blondin
et al. 1998). The plethora of feedback processes opposes and
eventually overcomes the self-gravity of the cloud while its
gaseous content decreases as it turns into stars, transform-
ing the initially embedded cluster to a gas free cluster. The
fraction of gas that transforms to stars is called the star
formation efficiency (SFE). We use the standard definition
of the SFE, SFE ≡ Mcl/Mgas(0), where Mcl is the total
stellar mass formed from a cloud of initial mass Mgas(0)
present in the star-forming volume (typically ≈ 1 pc3). We
note that this definition of SFE admits a large uncertainty
because it is difficult to decide which part of the cloud is
star forming and thus contributes to the mass Mgas(0).
The value of the SFE in current star-forming regions
is not well established, neither theoretically nor observa-
tionally. From the theoretical point of view, this is due to
the multitude of physical processes included and the very
high spatial and temporal resolution of hydrodynamic sim-
ulations needed to access this question. Consequently, cur-
rent hydrodynamic simulations resort to various approxi-
mations, which results in very different SFEs ranging from
. 10% (Colín et al. 2013), 20− 50% (Gavagnin et al. 2017;
Haid et al. 2019), to models where the early feedback (i.e.
before first supernova) is unable to disperse a larger frac-
tion of clouds leading to gas exhaustion and SFEs of almost
100% (Dale & Bonnell 2011; Dale et al. 2012). As the gas is
expelled from the cluster, its gravitational potential lowers,
which unbinds a fraction of the stars in the cluster or even
dissolves the cluster entirely if the SFE is low (. 30%)
and/or the timescale of gas expulsion is very short rela-
tive to the cluster dynamical time (e.g. Lada et al. 1984;
Kroupa et al. 2001; Geyer & Burkert 2001). Thus, compar-
ing N-body models where star clusters are impacted by a
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time-dependent gravitational potential of the gas with ob-
served dynamical state of star clusters opens another way
for estimating the SFE and the gas expulsion timescale. For
example, Banerjee & Kroupa (2017) suggest that the large
observed size of star clusters at an age of ≈ 2−40 Myr can-
not be obtained by purely stellar dynamics, but it can be
a consequence of rapid gas expulsion and SFEs of ≈ 30%
(see also Pfalzner 2009).
Observationally, only a lower limit of the SFE can be
directly obtained from stellar counts because star-forming
regions are likely to produce more stars from now on before
they terminate star formation. To directly perform stel-
lar counting is possible only for the nearest star-forming
regions of modest mass (typically several hundred solar
masses). By stellar counting, Megeath et al. (2016) esti-
mate the SFE to be of the order of 10 − 30%, which is
consistent with the earlier results of Lada & Lada (2003).
The expansion of the majority (& 75%) of young open star
clusters (age . 5 Myr), as found by Kuhn et al. (2019), in-
dicates a recent violent change of gravitational potential,
which likely points to rapid gas expulsion with a low SFE.
Since this is the second paper in the series, a more exten-
sive introduction to this topic is presented in Dinnbier &
Kroupa (submitted; hereafter Paper I).
While previous theoretical works concerning star forma-
tion focused solely on the star cluster and its related star-
forming gas, we investigate, for the first time in this paper
and in Paper I, the properties of the tidal tail composed
of stars released during gas expulsion. Our simulations also
self-consistently include the younger tidal tail which arises
from stars released due to dynamical processes (evaporation
and ejections) later in the exposed cluster.
Since models of different SFEs and rapidity of gas ex-
pulsion release a different number of stars and the stars
are released at different speeds, the predicted tidal tails are
substantially different between the models. These simula-
tions are intended mainly to give predictions for the tidal
tails to be observed around open star clusters by the Gaia
mission. The parameters of our models are tailored to the
Pleiades open star cluster; however, they can be easily ex-
trapolated to other and more massive clusters, which is also
discussed. From the properties of the observed tidal tails (or
their absence), it will be possible to constrain the appropri-
ate initial conditions, and thus the SFE during the cluster
formation.
2. Numerical methods and initial conditions
The present clusters extend the parameter space of the
models studied in Paper I. Since the setting of the code
nbody6 (Aarseth 1999, 2003) is described in Paper I, here
we only briefly summarise the cluster initial conditions and
the model of gas expulsion.
The stars in clusters follow the Plummer distribution
of total cluster mass Mcl and the Plummer scale-length
acl. Stellar masses are distributed according to the initial
mass function (IMF) of Kroupa (2001) in the mass range of
(0.08 M,mup), wheremup is chosen from themup−Mcl re-
lation of Weidner et al. 2010, 2013 (see also the earlier works
of Elmegreen 1983, 2000), which implies mup = 40 M for
the 1400 M clusters, and mup = 80 M for the 4400 M
clusters. The cluster moves around the Galaxy on a circular
orbit of radius 8.5 kpc; the Galactic potential is taken from
Allen & Santillan (1991).
The gravitational potential of the natal gas is repre-
sented by a Plummer model of initial mass Mgas(0) and
time-independent Plummer scale-length acl. After time td,
Mgas is reduced exponentially on timescale τM. We use
td = 0.6 Myr for all models. For the models with rapid
(impulsive) gas expulsion, we adopt τM = acl/(10 km s−1)
as in Paper I. Models with slow (adiabatic) gas expulsion
have τM = 1 Myr. The parameters of the clusters are listed
in Table 1.
It should be noted that the values of td and τM are
only roughly constrained from observations and (to a lesser
extent) from hydrodynamic simulations. Particularly the
gas expulsion timescale τM might be significantly longer or
shorter than acl/(10 km s−1), which is given by the domi-
nant physical mechanism responsible for the feedback and
its interplay with gravity, which has not been satisfactorily
understood. The dependence of the star cluster dynami-
cal state on the parameter τM was previously studied by
Baumgardt & Kroupa (2007) and Brinkmann et al. (2017).
3. Evolution of the star cluster models, escaping
stars and the onset of the tidal tail formation
In this section the main emphasis is on understanding the
relation between the dynamical impact of the gas expul-
sion mechanism on cluster dynamics and the formation and
evolution of the tidal tail. Here the tidal tail properties are
described mainly quantitatively, and the qualitative inves-
tigation of the tidal tail is described in Sect. 4.
The models start at cluster formation as deeply embed-
ded objects, follow gas expulsion of their natal gas, which
unbinds a significant fraction of stars, and integrate both
the star cluster members and the tidal tail for 300 Myr,
when the clusters are dynamically evolved. The stars re-
leased during gas expulsion form tidal tail I, the kinematics
of which is investigated in Paper I. The dynamical evolution
of the star cluster then continues for the whole simulation,
and gradually unbinds other stars, due to evaporation and
ejections, forming tidal tail II.
We particularly focus on how the initial conditions of
the gas expulsion influence the properties of the tidal tails,
and the fraction of stars present in each tail and in the
star cluster. Although the results can be applied to any
star cluster, we particularly aim at the Pleiades, due to its
proximity, and plot the quantities of interest at the age of
the Pleiades tpl, which we take to be 125 Myr (Stauffer et al.
1998).
The cluster models attempt to capture the representa-
tive cases of the rich diversity of initial conditions admitted
by the still limited knowledge of the initial state of young
star clusters. The models are listed in Table 1. The ini-
tial cluster mass Mcl(0) is chosen so that the mass of the
cluster at time tpl is comparable to the current mass of
the Pleiades; each scenario for gas expulsion or gas free
cluster is calculated for a lower mass (Mcl(0) = 1400 M)
and a more massive (Mcl(0) = 4400 M) cluster. We use
models with fast (impulsive; τM  th where th is the half-
mass crossing time) gas expulsion and SFE = 1/3 (models
C03G13 and C10G13), fast gas expulsion and SFE = 2/3
(C03G23 and C10G23), and with slow (adiabatic; τM  th)
gas expulsion and SFE = 1/3 (C03GA and C10GA).
The initial half-mass radii rh are adopted from the rela-
tion between the embedded cluster mass and its radius,
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Model name Mcl(0) Mgas(0) rh(0) τM th trlx tms v˜e,I v˜e,II
[M] [M] [ pc] [Myr] [Myr] [Myr] [Myr] [ km s−1] [ km s−1]
C03G13 1400 2800 0.20 0.020 0.028 13.1 0.6 2.3 1.0
C03G23 1400 700 0.20 0.020 0.034 5.5 0.3 1.6 1.0
C03GA 1400 2800 0.20 1.000 0.028 13.1 0.6 1.6 0.8
C03W1 1400 0 1.00 - 0.43 38 1.8 - 0.8
C03W5 1400 0 5.00 - 4.8 430 20 - 0.6
C03W02 1400 0 0.2 - 0.037 3.3 0.2 -
C10G13 4400 8800 0.23 0.020 0.020 25.2 1.2 4.0 1.4
C10G23 4400 2200 0.23 0.020 0.023 10.6 0.5 3.2 1.4
C10GA 4400 8800 0.23 1.000 0.020 25.2 1.2 3.8 1.3
C10W1 4400 0 1.00 - 0.24 58 2.7 - 1.2
C10W5 4400 0 5.00 - 2.6 650 30 - 1.1
C10W02 4400 0 0.23 - 0.026 6.3 0.3 -
Table 1. List of star cluster models. From left to right, the meaning of the columns is as follows: model name, initial stellar mass
of the cluster Mcl(t = 0), initial mass Mgas(t = 0) of the gas component, initial half-mass radius rh(0), gas expulsion timescale τM ,
half-mass crossing time th, relaxation timescale trlx, and timescale for mass segregation for 10M stars tms. The last two columns
give the median escape speed of stars in tails I and II (v˜e,I and v˜e,II), respectively. The difference in the timescales for clusters
with the same stellar mass and radius (e.g. for models C03G13 and C03W02) stems from different velocity dispersion due to the
gaseous potential. The models performed for only one simulation are in italics.
rh = 0.1 pc (Mc/M)1/8, which is suggested by Marks &
Kroupa (2012), which gives rh = 0.2 and rh = 0.23 pc for
the lower mass and more massive cluster, respectively. We
also calculate models without gas, but with initial half-mass
radii rh chosen so that they bracket the half-mass radii of
the models C03G13 and C10G13 after gas expulsion and
revirialisation. The gas-free models have initially rh = 1 pc
(models C03W1 and C10W1) and rh = 5 pc (C03W5 and
C10W5). In addition, to discuss the roles of stellar dynamics
and gas expulsion on the early cluster expansion, we study
gas-free clusters with the same initial half-mass radius as
the gaseous models (models C03W02 and C10W02).
In order to obtain better statistics, we repeat each
model of the more massive cluster four times, and lower
mass cluster 13 times with a different random seed 1 (to
have a comparable number of stars for the analysis in the
lower mass and more massive clusters, i.e. 4 × 4400 M ≈
13× 1400 M). Unless stated otherwise, the figures and ta-
bles below are the average over all the realisations.
Since lower and higher mass models often show the same
response on changing the gas expulsion prescription, and
the cluster mass plays a subordinate role for the results
qualitatively, we often describe the results of models with
different masses together, and omit the cluster mass from
the generic name (e.g. CG13 refers to two models, C03G13
and C10G13).
Table 1 also lists relevant dynamical timescales: the half-
mass crossing time tcr = rh/σcl, where σcl is the velocity
dispersion of the cluster; the half-mass relaxation time (see
Binney & Tremaine 2008, their eq. 7.108),
trlx =
0.17N
ln(λN)
√
r3h
G
, (1)
where N is the number of stars, using the value of the
Coulomb logarithm λ = 0.1, as recommended by Giersz &
Heggie (1994), and tms is the mass segregation timescale
tms for massive stars of mass m2, embedded in a sea of low
1 Models C03W02 and C10W02 are performed only for one re-
alisation, and they are not analysed to the same extent as the
other models.
mass stars of mass m1: tms = 0.9(m1/m2)trlx (Spitzer 1969,
his eq. 9; see also Spitzer 1940; Mouri & Taniguchi 2002).
We use the mass of the lower mass group of stars to be the
mean mass of the stars in the cluster, m1 = 0.47 M, while
the massive stars have m2 = 10 M.
When analysing the kinematic properties of the star
cluster and the tidal tail, we consider only the objects for
which good statistics can be obtained, so we discard com-
pact objects. The analysis takes into account red giants and
main sequence stars. When referring to all stars, we count
each star as one object regardless of its mass; when referring
to groups of stars (according to their spectral class), we like-
wise do not take into account differences of stellar masses
within the group and assign each star the same weight.
Figures 1 through 5 show the evolutionary sequence of
the stellar number density at the Galactic midplane z = 0
for each model at age 40 Myr to 200 Myr in intervals of
40 Myr. The left column corresponds to the lower mass
clusters (Mcl(0) = 1400 M), while the right column corre-
sponds to the more massive clusters (Mcl(0) = 4400 M).
The stellar number density, which is shown by the colour
scheme, is calculated by the method developed by Caser-
tano & Hut (1985), where the radius of the sphere is set ac-
cording to the position of the sixth closest star to the point
where the density is evaluated. Although these plots hold
for any cluster of comparable mass and similar orbit, we in-
dicate the relative position of the Sun by the grey circle for
the particular case of the Pleiades. The contours represent
the density of field stars, which contaminate the possible ob-
servation, for the case of the Pleiades for the Schwarzschild
velocity distribution (white contour) and the Schwarzschild
velocity distribution and Hyades-Pleiades stream combined
(black contour). The field star contamination is discussed
in detail in Sect. 5.2.
The membership of a star to tails I and II depends on
the time when the star escaped the cluster in comparison to
the time tee = 2rt/(0.1σcl(t = 0)). Stars escaping before tee
belong to tail I, while stars escaping after tee belong to tail
II; this is the same criterion we used in Paper I. The total
number of tail stars, Ntl, at the age of the Pleiades, tpl, is
provided in Table 2. The evolution of the fraction of the tail
stars, Ntl, to all stars in the system (i.e. Ntot = Ntl +Ncl,
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Fig. 1. Evolution of the star number density in plane z = 0 for the models with rapid gas expulsion and SFE = 1/3 (model
C03G13, left; model C10G13, right). The time is indicated in the upper left corner of each frame. The positive y-axis points in
the direction of the Galactic rotation, the negative x-axis points towards the Galactic centre (the view is from the south Galactic
pole). The position of the Sun is indicated by the large grey circle. The colour scheme shows the number density of stars in units
log10(pc−3). Each plot is an average of between 4 (for the more massive models C10G13) and 13 (for the less massive models
C03G13) simulations with a different random seed. The white contours indicate the contamination threshold for the Besançon
model represented by the Schwarzschild velocity distribution (ntl = 1.0× 10−5 pc−3) and the black contours that for the Besançon
model and Hyades-Pleiades stream combined (ntl = 9.0× 10−5 pc−3; here we take three times the value calculated in Sect. 5.2 to
get an upper estimate of contamination).
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Fig. 2. Same as Fig. 1, but for the models with rapid gas expulsion and SFE = 2/3 (model C03G23, left; model C10G23, right).
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Fig. 3. Same as Fig. 1, but for the models with adiabatic gas expulsion and SFE = 1/3 (model C03GA; the left column, model
C10GA; the right column).
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Fig. 4. The same as Fig. 1 for the models without primordial gas and with rh(0) = 1 pc (model C03W1; the left column, model
C10W1; the right column).
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Fig. 5. The same as Fig. 1 for the models without primordial gas and with rh(0) = 5 pc (model C03W5; the left column, model
C10W5; the right column).
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Fig. 6. Evolution of the 0.2, 0.5 (thick line), and 0.75 Lagrangian radius of the star cluster models. Shown are the lower (Mcl(0) =
1400M) and higher mass (Mcl(0) = 4400M) clusters, (left and right panels, respectively). The age of the Pleiades is indicated
by the vertical yellow line.
where Ncl is the number of cluster stars) is shown in the
upper panel of Fig. 7. The fraction of tail I stars within
the tail (i.e. Ntl,I/Ntl) is shown in the middle panel of the
figure.
Before investigating properties of the tails for all the
models, we recall the main differences between tails I and
II, as discussed in Paper I. Tail I is formed from faster escap-
ing stars (see the velocity v˜e,I in Table 1), which all escape
during a short time interval. Tail I expands faster, and its
thickness in directions x and z as well as velocity dispersion
oscillate aperiodically. During the maxima of tail x thick-
ness, tail I forms a thick envelope around the cluster while
it collapses to a narrow strip near the minimum of x thick-
ness. Its expanding motion stops temporarily, and there are
time intervals when the tail shrinks towards the cluster. In
contrast, tail II expands gradually at a slower speed, is thin-
ner most of the time, and is of a distinct S-shape. Tail II
also forms overdensities around the epicyclic cusps (Küpper
et al. 2008). Thus, the tidal tails of the models containing
gas (CG13, CG23 and CGA) are a superposition of tail I
and tail II, but with different numbers of stars and different
stellar escape speeds in each of the tails.
3.1. Clusters with SFE 33% and rapid gas expulsion
The clusters are strongly impacted by the loss of gas, which
causes the cluster to expand rapidly. The expansion is illus-
trated on Lagrangian radii in Fig. 6. The half-mass radius
expands by almost two orders of magnitude (from ≈ 0.2 pc
to ≈ 10 pc, and then revirialises to ≈ 2 − 3 pc. See also
that the revirialisation is faster for more massive clusters,
and that the half-mass radius for more massive clusters is
smaller after revirialisation. The cluster velocity dispersion,
σcl, abruptly decreases as the cluster revilialises after the
rapid expansion (lower panel of Fig. 7), and the value of
σcl is then close to that of some models without primor-
dial gas. We note that the behaviour of the models with
SFE 33% shows the same typical evolutionary phases as
the models studied in the past by Kroupa et al. (2001),
Banerjee & Kroupa (2013), and Brinkmann et al. (2017),
among others.
The rapid gas expulsion unbinds around 75 % (for model
C03G13) or 60 % (for model C10G13) of all stars from the
cluster (upper panel of Fig. 7). The following evaporation
and occasional ejections are far less effective processes in
unbinding stars than the gas expulsion. This results in the
tidal tail to be dominated by tail I (middle panel of Fig.
7). At the age of the Pleiades, tail I comprises 95 % of tail
stars, and it still comprises 85 % of tail stars at the age
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Fig. 7. Upper panel: Fraction of all stars in the tail, Ntl,
normalised to the total number of stars, Ntot, as a function of
time. The results for lower mass and more massive clusters are
shown by dashed and solid lines, respectively. The age of the
Pleiades is indicated by the vertical yellow line. Middle panel:
Fraction of the tail stars Ntl,I/Ntl which belong to tail I. Lower
panel: Time dependence of the velocity dispersion σcl for stars
within the star cluster. The observed velocity dispersion for the
Pleiades and its 1σ error according to Raboud & Mermilliod
(1998) is indicated by the horizontal yellow band.
of 300 Myr (middle panel of Fig. 7). This suggests that the
tidal tail evolves closely to tail I, which is studied in Paper
I.
The evolutionary sequence of the tidal tail, as shown in
Fig. 1, demonstrates the aperiodic oscillations in thickness
with first minimum at the age of ≈ 160 Myr, when the tail
aligns with axis y = 0 as follows from eq. 15 in Paper I.
We note that the two models evolve qualitatively similarly;
the more massive cluster, as expected, forms a longer and a
wider tail because its stars were released at a greater speed.
Tail II becomes prominent later (see the snapshot at
160 Myr in Fig. 1), where tail II is shorter (length ≈ 100 pc)
and tilted at an angle ≈ 45◦ to the y-axis. Later, tail
II transforms to the characteristic S-shape (the frame at
200 Myr), which is well understood from studies of gas-free
clusters (e.g. Küpper et al. 2008, 2010). Tail II owes its
slower growth to the lower velocity of the stars composing
it relative to the stars in tail I (see Table 1). Thus, a star
cluster starting with an SFE = 1/3 and rapid gas expulsion
forms a rich tidal tail with an oscillating thickness and tilt
to the y-axis, and a less populated and shorter tidal tail
due to evaporation, which is S-shaped and non-oscillating.
3.2. Clusters with SFE 66% and rapid gas expulsion
The increase in SFE from 1/3 to 2/3 has a dramatic in-
fluence on the cluster evolution. Gas expulsion plays a far
smaller role, unable to impact the cluster significantly. The
cluster gradually expands (by factor of ≈ 5 from the begin-
ning to tpl) without any sign of revirialisation (green lines in
Fig. 6). The cluster velocity dispersion gradually decreases
(lower panel of Fig. 7).
In order to estimate the role of gas expulsion in addition
to pure stellar dynamics, we calculate an extra model with
the same initial conditions as these clusters but without
any gas component. We run one realisation of this model
for a cluster with Mcl(0) = 1400 M (model C03W02) and
one with Mcl(0) = 4400 M (model C10W02). From Fig. 6
it follows that these models evolve closely to models with
SFE = 2/3 up to ≈ 50 Myr (i.e. far longer than the gas ex-
pulsion timescale τM), indicating that the role of the exter-
nal gaseous potential plays a rather minor role if SFE = 2/3
is assumed, and that the cluster evolution is dominated by
pure N-body evolution, where the expansion of the cluster
radius is driven by escapers coming from violent interac-
tions in small (several bodies) temporary systems near the
cluster centre (Fujii & Portegies Zwart 2011; Tanikawa et al.
2012).
The modest influence of the gas expulsion unbinds far
fewer stars than in the cluster with SFE = 1/3; only around
9 % to 15 % (for model C03G23 and C10G23, respectively)
of all stars are present in the tail by the age of the Pleiades
(see the upper panel of Fig. 7). In contrast to the models
CG13, both tails I and II are composed of a comparable
number of stars (cf. Ntl,I and Ntl in the middle panel of
Fig. 7).
Apart from the less numerous tail I, which is also re-
leased at a slower speed v˜e,I (see Table 1), the evolution
of the tidal tail bears distinct similarities to the tail of
the model with SFE = 1/3. Tail I first expands approxi-
mately radially, and then tilts and aligns with the y-axis at
≈ 160 Myr (the evolutionary sequence for models C03G23
and C10G23 is shown in Fig. 2). Tail II slowly builds up
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independently of tail I, and gradually assumes an S shape
(see the panels after ≈ 120 Myr in Fig. 2).
3.3. Clusters with SFE 33% and adiabatic gas expulsion
The evolution of the half-mass radius during the first
10 Myr is shown in Fig. A.1. For comparison, we plot an
estimate of the half-mass radius rh assuming conserva-
tion of adiabatic invariants, i.e. rh(t) ≈ rh(0)(Mcl(0) +
Mgas(0))/(Mcl(0)+Mgas(t)) (Hills 1980; Mathieu 1983; dot-
ted yellow line). The more massive model C10GA expands
rapidly during the first ≈ 4 Myr with rh somewhat lower
than from the adiabatic invariant, but catches up with it
at ≈ 6 Myr. We attribute the smaller expansion of rh rela-
tively to the analytical estimate from collisional dynamics.
This is even more relevant for the smaller cluster (model
C03GA), which has a shorter relaxation time, where the
expansion of rh is less pronounced than in the more mas-
sive cluster (model C10GA). We note that the expansion
cannot be caused by non-equilibrium initial conditions be-
cause in this case the cluster would expand on the crossing
timescale th, which is ≈ 0.04 Myr (Table 1), while the ex-
pansion occurs on a substantially longer timescale of sev-
eral Myr, which is comparable to the relaxation timescale
trlx. Model C10GA expands to a larger radius than model
C10G23 (after 3 Myr), which contains less gas, but after
the initial expansion both models reach comparable radii
around ≈ 50 Myr (Fig. 6) and then evolve close to each
other (see also σcl in the lower plot of Fig. 7). The slower ex-
pansion of model C10GA than C10G23 after 100 Myr is due
to a slower dynamical evolution of cluster C10GA, which
gets diluted early.
Although tail I contains ≈ 1/2 of the total tail pop-
ulation at the age of the Pleiades (middle panel of Fig.
7), which is similar to models CG23, the tidal tail is less
numerous (the upper panel), containing only 3− 5 % of all
stars. The evolutionary snapshots (Fig. 3) indicate that tail
I is practically absent, and the tail is dominated by tail II
slowly forming its S-shape structure. Thus, apart from the
early inflation of the cluster, adiabatic gas expulsion has
very little impact on the cluster or tail evolution.
3.4. Gas-free clusters with rh(0) = 1 pc
These models (C03W1 and C10W1) gradually expand due
to their internal N-body dynamics (Fig. 6). Because of their
longer relaxation time (they are only 2trlx to 4trlx old at the
age of the Pleiades; see Table 1), the rate of their initial
expansion is smaller than that of the models with SFE =
2/3 or the models with adiabatic gas expulsion.
The models slowly build an S-shaped tidal tail (see Fig.
4) that is free of any tilting and pulsating component, as
we saw in tails for the models with rapid gas expulsion.
From all the models studied, these clusters produce the
least populated tails, containing only 1%−2% of the cluster
population by the Pleiades age (see the upper panel of Fig.
7).
3.5. Gas-free clusters with rh(0) = 5 pc
With respect to the previous clusters, the large initial half-
mass radius of 5 pc means that these models (C03W5 and
C10W5) almost fill their tidal radii (rt = 16 pc and 24 pc,
respectively), which results in more rapid evaporation. The
half-mass radius (as well as the 0.2 and 0.75 Lagrangian
radii) remain nearly constant (Fig. 6) as the outwardly
moving stars escape rather than remain in the cluster when
reaching a larger distance from the cluster centre. The clus-
ter velocity dispersion also remains nearly constant (lower
panel of Fig. 7), or very slowly decreases as the cluster
mass decreases (it decreases more for the lower mass model
C03W5, which evaporates faster; see also Baumgardt &
Makino 2003).
The tidal tail contains 20% and 5% of all cluster stars
at the Pleiades age for models C03W5 and C10W5, respec-
tively, being richer than the tail of the more concentrated
gas-free models CW1. The evolution of the tail is shown in
Fig. 5. The tail is clearly S-shaped (tail II), without any
other component, so it is distinct from the tails formed in
the models with SFE = 1/3 and 2/3 and rapid gas ex-
pulsion. At a given distance from the cluster, the tail is
substantially denser than that in models CW1; it is so be-
cause the tail is not only more populated, but also of a lower
velocity relative to the cluster. We note that although the
isodensity contours of the tail are placed at a larger dis-
tance from the cluster than in models CW1 (cf. Figs. 4
and 5), the tail is actually shorter in models CW5 (see the
half-number radius rh,tl of the tail in Fig. 8 below). Models
CW1 have stars at relatively large distances from the clus-
ters, but these stars are not shown in Fig. 4 because they
fall below the density threshold.
4. Evolution of the tidal tails
4.1. Physical extent and kinematics
Although the present work focuses on the Pleiades, we
study the tidal tails for a longer time of 300 Myr also to
provide predictions for more star clusters. This section ex-
tends the results of Paper I, where we study two extreme
scenarios of gas expulsion (models C10G13 and C10W1),
to scenarios with different SFEs or τM and to lower mass
clusters.
The extent of the tail is approximated by its 50% La-
grangian radius. The Lagrangian radii are calculated for a
given number of stars, not for the mass to avoid fluctu-
ations caused by a small statistics of massive stars; it is
the same approach as adopted in Paper I. The tails are
stretched along the y-axis due to the Coriolis force, so the
Lagrangian radius is close to the tail extent along line y (cf.
Figs. 1 through 5). The models with rapid gas expulsion
and SFE = 1/3 (CG13) form the most extended tails with
the half-number radius rh,tl of 220 pc and 350 pc at the age
of the Pleiades (Fig. 8; see also Table 3). Models C03G23
and C10G23 have shorter tails at tpl (rh,tl = 180 pc and
120 pc, respectively). The other models form even shorter
tails (rh,tl ≈ 120 pc and ≈ 70 pc at tpl for the more and less
massive model, respectively).
In Paper I, we find that the semi-analytic estimate for
the tail half-number radius is in very good agreement with
rh,tl of model C10G13, which is dominated by tail I. Here,
we study how good this approximation is for the tails of
models CG23 and CGA, which have a larger fraction of tail
II stars. The results of eq. 20 in Paper I scaled to the median
escape speed v˜e,I for tail I stars (Table 1) are shown by
dotted lines in Fig. 8. The semi-analytic model significantly
overestimates (by a factor of ≈ 2− 3) the value of rh,tl for
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Fig. 8. Evolution of the 0.2, 0.5, and 0.8 Lagrangian radius of the tidal tail for number of stars (solid lines). Left and right panels
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) and higher mass (Mcl(0) = 4400M) clusters, respectively. The half-number radius (i.e.
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prediction is very good for the models dominated by tail I (models C03G13 and C10G13; red lines), but it is rather poor for the
models with a non-negligible population of tail II stars (models C03G23, C10G23, C03GA, and C10GA).
the clusters with a non-negligible tail II population (i.e.
models CG23 and CGA) because of the smaller distances
of tail II stars to the cluster, which have a smaller escape
speed v˜e,II.
Next we study the evolution of the tail thickness, tail ve-
locity dispersion and the bulk velocity of the tail in a narrow
strip located at |y′−y| < ∆y. The restriction to the strip is
in order to focus on the time variability of these quantities
for given y instead of spatial dependence along the y-axis.
The spatial dependence along the y-axis of these quantities
for the extreme models of gas expulsion scenarios (mod-
els C10G13 and C10W1) is studied in Paper I. We choose
y = 250 pc and ∆y = 50 pc because the distance 250 pc is
approximately the distance to the trailing (more distant)
part of the tidal tail as seen at 45◦ of the Pleiades from
the Solar System (see e.g. the upper middle panels of Fig.
1). The behaviour at different distances y is qualitatively
similar. We note that during the first ≈ 70 Myr of evo-
lution, only the models containing primordial gas (CG13,
CG23, and CGA) develop tails spanning to the distance of
≈ 250 pc of the cluster; the tails for gas-free models (CGW1
and CGW5) develop after this time.
We define the tail thickness to be an analogue of the La-
grangian half-number radius. It is the distance from the tail
centre either in direction x or z which encompasses 50 % of
the stars in the strip |y′−y| < ∆y. The thickness of the tail
in direction x is shown in the left panel of Figure 9. The
tails of models CG13 change their thickness substantially
with time as the tail tilts (see also Fig. 1) from ≈ 70 pc
at maximum to ≈ 10 pc at minimum, after which it os-
cillates aperiodically. The tails of models CG23 and CGA
also thicken first, reaching a maximum ∆x at ≈ 70 Myr,
whereupon they thin, and their thickness remains nearly
constant after t & 150 Myr without the aperiodic oscilla-
tions seen in models CG13. The absence of oscillations af-
ter t & 150 Myr in models CG23 and CGA is caused by the
tail II stars, which start dominating the tail (middle panel
of Fig. 7). The tail thickness of the gas-free models CW1
and CW5 changes smoothly with time again without rapid
oscillations.
The thickness of the tail in direction z is shown in the
right panel of Fig. 9. The clusters with rapid gas expulsion
and SFE = 1/3 show the largest amplitudes of oscillation
(from ≈ 3 pc to ≈ 15 pc for the more massive cluster). The
models with SFE = 2/3 also have clear oscillations, but
with somewhat smaller amplitudes (from ≈ 4 pc to ≈ 10 pc
for the more massive cluster). The models with SFE = 1/3
and adiabatic gas expulsion have an even smaller difference
between the minima and maxima (from ≈ 5 pc to ≈ 8 pc
for the more massive model near the beginning), with de-
creasing amplitude with time, so the tail is almost of time-
independent thickness ≈ 5 pc after 150 Myr. The minima
of tail thickness (short black bars) occur very close to the
minima predicted in Paper I, which means that the tail z
thickness oscillates with the vertical frequency ν. The gas-
free models have almost a time-independent tail thickness
of ≈ 5 pc.
The velocity dispersion in directions x, y, and z in the
strip 200 pc < y < 300 pc is shown in Figure 10. The mod-
els with SFE = 1/3 and rapid gas expulsion have large
variations in velocity dispersion, with minima attained at
times predicted by the semi-analytic model of Paper I for
tail I. The minima in velocity dispersions for models with
SFE = 2/3 are also described well by the semi-analytic
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Fig. 9. Evolution of the tail thickness measured in the strip of 200 pc < y < 300 pc in direction x (left panel) and in direction z
(right panel). The age of the Pleiades is shown by the yellow vertical line. The minima of thickness for the analytic model described
in Sect. 2.2 of Paper I are indicated by the short black vertical bars.
model, but the variations between minima and maxima are
substantially smaller than in the previous case. The mod-
els with SFE = 1/3 and adiabatic gas expulsion show even
smaller variations with almost time-independent velocity
dispersions after ≈ 150 Myr. Velocity dispersions in the
gas-free models increase first (up to ≈ 150 Myr), and then
remain approximately constant as the number of incoming
and outgoing stars is well balanced, and the structure of the
tidal tail stays nearly time independent at given position y.
The evolution of bulk velocity vy in the y direction mea-
sured in the reference frame of the cluster at 200 pc < y <
300 pc is shown in the lower right panel of Fig. 10. Models
CG13 and CG23 evolve close to each other: vy decreases
from ≈ 8 km s−1 at 30 Myr to zero at ≈ 130 Myr, and
then even becomes negative as the tail starts approach-
ing the cluster. At ≈ 170 Myr, vy reaches its minimum
of ≈ −1 km s−1, and then starts increasing, with positive
values reached after ≈ 200 Myr. The change in sign of vy
occurs along the whole tail, as shown in fig. 7 of Paper
I (left panel). Models CGA behave qualitatively similarly
with smaller absolute values of vy. Gas-free models CW1
behave differently: The maximum of vy ≈ 1.5 km s−1 is at-
tained near 100 Myr, and then it decreases to ≈ 0.7 km s−1
hardly reaching negative values. Gas-free models CW5 have
even smaller values of vy.
Although the analysis of the tail thickness and veloc-
ity dispersion evolution was instrumental in justifying the
assumptions of the analytic model of Paper I (particularly
the instantaneousness of the escape of stars forming tail I
and that these stars escape isotropically), these quantities
do not belong to the best indicators for the gas expulsion
scenario for the Pleiades. Particularly, the tail thickness
∆x and ∆z varies rapidly on the timescale of the uncer-
tainty in the Pleiades age (which ranges from ≈ 100 Myr to
≈ 130 Myr; Meynet et al. 1993; Basri et al. 1996; Stauffer
et al. 1998). For example, the tail thickness ∆z in the z di-
rection varies from ≈ 2 pc at 100 Myr to ≈ 16 pc at 120 Myr
for model C10G13, which encompasses the values of ∆z for
all the other models during this time. Moreover, in Sect. 7.2
we argue that the rapid oscillations in z direction are likely
smeared out due to encounters with molecular clouds. The
argument about rapid oscillations can also be applied to the
velocity dispersion σz. In Sect. 5.1, we find that velocities
in the tail can be measured with an error & 1 km s−1, so
it would hardly be possible to detect trends in σy, which
reaches maxima of only ≈ 2.5 km s−1. We note that con-
tamination from field stars (see Sect. 5.2) contributes an-
other uncertainty to these quantities. This leaves us with
two more promising quantities, σx and vy, where the models
differ by several km s−1 for the majority of time. However,
the Pleiades are not a suitable target cluster to show dif-
ferences in σx or vy because both the quantities happen to
be close to zero at the age of the Pleiades. These quantities
might be useful for star clusters at a different age (for exam-
ple for a cluster of the age between 150 Myr and 180 Myr;
we discuss a possible target cluster in Sect. 7.4).
4.2. Stellar mass function of the tidal tail
For each model, we calculate the mass function (MF) of
stars at the age tpl in the cluster and in the tail separately.
The results for all stars are shown in Fig. 11; the left panel
corresponds to the lower mass clusters, the right panel to
the more massive clusters. First, we focus on the whole mass
range, which is shown in the upper row of the figure. To
contrast the MF in the cluster from that in the tail, we plot
the cluster MF by solid lines, and the tail MF by dashed
lines. The MF is always normalised to one star, and it does
not take into account compact objects. For comparison, the
canonical IMF (Kroupa 2001) is indicated by the yellow
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Fig. 10. Evolution of the velocity structure of the tidal tail at 200 pc < y < 300 pc. Upper left: Velocity dispersion in direction
x. Upper right: Velocity dispersion in direction y. Lower left: Velocity dispersion in direction z. Lower right: Bulk velocity
in direction y. The short black vertical bars indicate the minima for the corresponding quantity according to the semi-analytic
model of Paper I. The yellow vertical lines show the age of the Pleiades.
line. According to the adopted stellar evolutionary tracks
for solar metallicity, the most massive star still on the main
sequence at the age of 125 Myr has a mass of ≈ 4.6 M,
and the most massive star which has not become a compact
object has a mass of ≈ 4.9 M, which corresponds to late
B stars. This mass determines the upper end of the MF in
the plot.
All models with fast gas expulsion have the tail MF very
close to the adopted IMF. We also list the number fraction
f of the A, F, G, and K tail stars separately in Table 2;
we note that the IMF of Kroupa (2001) populated from
0.08 M to 120 M results in the number fractions of A, F,
G, and K stars to be fA = 0.028, fF = 0.038, fG = 0.041,
and fK = 0.101 2 . These models also have the number
fraction of these spectral types close to the canonical val-
ues, with slightly underrepresented A stars (fA,tl = 0.022
2 Following Table 3.13 in Binney & Merrifield (1998), we take
the mass ranges for A, F, G, and K stars to be (1.6, 2.9)M,
(1.05, 1.6)M, (0.79, 1.05)M, and (0.51, 0.79)M, respec-
tively.
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Fig. 11. Stellar mass function at the age of the Pleiades. The left column shows lower mass clusters (Mcl(0) ≈ 1400M); the
right column shows the more massive clusters (Mcl(0) ≈ 4400M). The canonical IMF (Kroupa 2001) is indicated by the yellow
line. Upper row: The log-log MF of all stars in the cluster (solid lines) and in the tidal tail (dashed lines). Lower row: The
cumulative mass function for the more massive stars (m & 1M) in the tidal tail. The masses of A0, F0, and G0 star are indicated
by the vertical dotted lines.
instead of the canonical value 0.028). The agreement with
the IMF is caused by the fact that a significant fraction
of the stars forming the tail were unbound during the gas
expulsion event, and this had occurred before mass segrega-
tion of ≈ 5 M stars could be established (see the relevant
timescales in Table 1), making the tail and cluster MF very
similar since the gas expulsion time.
Likewise, the rarefied models C03W5 and C10W5 have
very long dynamical timescales with mass segregation of
≈ 5 M stars taking ≈ 50 Myr. In this case, the tail MF
is also expected to be close to the canonical MF, which
is confirmed by our results. On the other hand, the mod-
els C03W1 and C10W1, which remain relatively compact,
have a depleted tail MF by a factor of 2− 3 for stars more
massive than ≈ 1 M (see also Table 2). The paucity of
the most massive stars in the tail is caused by the pref-
erential evaporation of lower mass stars from the cluster.
Moreover, the cluster tends to mass segregation very early
(at ≈ 1 Myr) making it more difficult for more massive stars
to escape (apart from high velocity escapers originating in
strong interactions, but these events are rare).
If observed, a lack of more massive stars in the tail might
indicate that the cluster has not experienced gas expulsion.
However, it appears that this cannot be easily observed for
the Pleiades. In Sect. 5.2 we show that at least one-half of
the stars of spectral type later than F in the tidal tails are
unlikely to be distinguished from field stars, which prevents
the reconstruction of the MF below ≈ 1 M. This narrows
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Fig. 12. Cumulative distribution of stellar distances r from the cluster at age tpl. The left and right panel represents the lower mass
(Mcl(0) ≈ 1400M) and more massive (Mcl(0) ≈ 4400M) star clusters, respectively. We plot the histograms for the following
groups of stars: A stars and earlier (solid thick lines), F stars (solid lines), G stars (solid thin lines), and all stars (dotted lines).
Run name Ntl Ntl,pi/4 NA,tl NF,tl NG,tl NK,tl fA,tl fF,tl fG,tl fK,tl NA,tlNA,cl
NF,tl
NF,cl
NFGK,tl
NFGK,cl
C03G13 2437 971 53 91 101 217 0.022 0.037 0.042 0.090 2.69 3.85 4.03
C03G23 453 266 9 15 17 35 0.021 0.035 0.038 0.079 0.15 0.15 0.15
C03GA 147 96 3 5 5 13 0.022 0.037 0.037 0.090 0.07 0.07 0.07
C03W1 109 79 2 3 3 7 0.015 0.026 0.031 0.068 0.02 0.02 0.03
C03W5 607 524 13 24 24 54 0.022 0.039 0.041 0.091 0.23 0.25 0.24
C10G13 6116 1712 133 234 272 550 0.022 0.038 0.045 0.091 1.42 1.52 1.55
C10G23 926 413 18 31 36 67 0.020 0.034 0.041 0.075 0.08 0.08 0.08
C10GA 328 167 4 7 12 20 0.012 0.024 0.038 0.068 0.02 0.02 0.02
C10W1 173 94 0 3 4 11 0.000 0.018 0.025 0.074 0.00 0.01 0.01
C10W5 478 341 9 16 22 41 0.019 0.036 0.049 0.090 0.04 0.05 0.05
Table 2. The number of stars of different spectral types in the tidal tail at the Pleiades age (i.e. t = 125Myr). From left to right,
the columns list model name; total number of stars in the tidal tail Ntl; total number of tail stars Ntl,pi/4 angularly closer than 45◦
to the cluster, as seen from the Solar System; number NC,tl of stars of spectral class C (where C stands for A, F, G, and K) in the
tidal tail; number fraction fC,tl of stars of spectral class C in the tidal tail (e.g. fA,tl = NA,tl/Ntl). The canonical IMF (Kroupa
2001) populated from 0.08M to 120M results in number fractions of fA = 0.028, fF = 0.038, fG = 0.041, and fK = 0.101. We
also compare the ratio of the tail NC,tl to cluster NC,cl population for stars of spectral types A, F, and FGK together. The table
is a result of all realisations of the models; for example, NA,tl = 2 for model C03W1 is an average of 13 models containing 26 A
stars.
our study to stars more massive than ≈ 1 M; the cumula-
tive MF of these stars is shown in the lower row of Fig. 11.
The MF is normalised to the number of stars more massive
than 1 M. The cumulative MFs for all models are close to
the canonical MF, and the slight differences between them
are unlikely to be detected. The reason why the MF of
models CW1 (i.e. C03W1 and C10W1 together) is different
from the other MFs in the upper panels of Fig. 11 while
all the MFs are close to each other in the lower panels of
the same figure is the normalisation adopted in the lower
panels; the MF of models C03W1 and C10W1 is depleted
by the same factor (2 − 3) regardless of mass for all stars
with m & 1 M, so we cannot detect its variations from the
canonical MF unless we access stars with m < 1 M.
Although the observed tail MF is not a good indicator
for the origin of a star cluster, there is another indicator
which appears to be more suitable for the task. The stars
of spectral type A are the least confused by field stars, and
their majority is likely to be detected (see the detection
fraction of A stars pA in Table 3). The census of A stars
within the Pleiades is probably complete. Table 2 shows
the ratio of the A stars in the tail NA,tl to the A stars in
the cluster NA,cl. Gas-free models CW1 unbind very few
A stars (NA,tl . 0.02NA,cl). The number of tail A stars is
substantially larger for models CW5 (NA,tl . 0.23NA,cl),
but this is still a factor of 10 smaller than that for the gas
rich models CG13.
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Next, we discuss the models CW5. Assuming that star
clusters start as gas-free objects, the clusters with larger
rh evaporate faster forming a more populated tail 3 . Fur-
ther assuming that newborn clusters have rh < 5 pc initially
(Marks & Kroupa 2012; Kuhn et al. 2014, 2017), we can set
an upper limit on the population of A stars in the tail rela-
tive to the A star population of the cluster for gas-free clus-
ters. The tail population is smaller than 0.23× that of the
cluster for the less massive clusters (Mcl(0) = 1400 M),
and even smaller (0.04×) for the more massive clusters
(Mcl(0) = 4400 M). If tidal tails more populated than
this are observed around the Pleiades, it will be impossi-
ble to explain their origin as a single star cluster without
primordial gas expulsion or another form of disruption. We
note that this is the upper limit on NA,tl/NA,cl because the
models with rh(0) = 5 pc have rh(tpl) ≈ 5 pc (Fig. 6), while
rh(tpl) ≈ 2 pc is observed for the current Pleiades (Raboud
& Mermilliod 1998).
Next, we discuss models with gas expulsion and differ-
ent SFE. For fast gas expulsion models CG13, the major-
ity of A stars is located in the tail (NA,tl = 2.7NA,cl for
model C03G13, and NA,tl = 1.4NA,cl for model C10G13).
The tails become less numerous as the SFE increases from
1/3 to 2/3, so we extrapolate that as SFE increases from
1/3 to 2/3, NA,tl/NA,cl decreases significantly and rh(tpl)
decreases slightly. Since the tails of models CG23 have a
comparable ratio NA,tl/NA,cl to that of models CW5, the
SFE around 2/3 is the highest value of SFE that can be
unambiguously distinguished from gas-free models. For ex-
ample, a finding of NA,tl/NA,cl = 0.5 would imply the SFE
between 1/3 and 2/3 and rapid gas expulsion. It does not
appear that models CGA can be distinguished from models
CG23 and CW1 by comparing the number of stars in the
tail and in the cluster (the value of NA,tl/NA,cl are compa-
rable).
In this comparison, we focused on the number of tail A
stars because of their lower contamination by field stars. We
note that very similar results can be obtained by counting
F stars or F-K stars together (last two columns of Table 2).
Are stars of different spectral types in the tail spatially
separated, or are they well mixed? Figure 12 shows the cu-
mulative distribution of selected groups of stars as a func-
tion of the distance r from the star cluster at the Pleiades
age. The selected groups are A stars and earlier (thick
lines), F stars (medium thick lines), G stars (thin lines);
for reference we plot the results for all stars (dotted lines).
Gas-free clusters as well as the clusters with SFE = 1/3 and
3 This holds for evaporation. On the other hand, compact clus-
ters where a handful of massive stars are packed to a small cen-
tral volume (. 0.1 pc) eject a significant amount of its most
massive stars (Fujii & Portegies Zwart 2011; Oh et al. 2015;
Perets & Šubr 2012), and perhaps all O-type stars can be ejected
from some clusters (Pflamm-Altenburg & Kroupa 2006; Kroupa
et al. 2018; Wang et al. 2019). It appears that the more com-
pact the cluster, the higher the fraction of ejected early-type
stars (Oh et al. 2015; Wang et al. 2019). However, this process
does not interfere with our results for A stars because (i) ejec-
tions are related to the most massive stars, while A stars are
more than 10× less massive than the most massive stars in our
models (also note that runaway A stars are rare in comparison
to O stars, Gies & Bolton 1986; Stone 1991); (ii) if there were
ejected A stars, they would travel at high speeds as runaways
(& 30 km s−1), and apart from being easily discernible in Gaia
data, they would quickly leave (in less than 15Myr) the proposed
volume occupied by the tidal tail, which extends to . 500 pc.
rapid gas expulsion (i.e. models CW1, CW5, and CG13) do
not show any trend with stellar mass in the cumulative
distribution in the tail, indicating that these models have
well-mixed stellar populations, and the MF is independent
of r. The other models (i.e. CG23 and CGA) indicate the
distribution of stellar masses within the tail with lower mass
stars concentrated closer to the cluster than more massive
stars. This is easily explained by the structure of the tails;
as we noted in Sect. 3 (see also Table 1) the tails of mod-
els CG23 and CGA are composed of stars released both
due to gas expulsion and evaporation. Gas expulsion acts
at the beginning and unbinds more and less massive stars
equally; evaporation preferentially unbinds lower mass stars
and they travel at lower speeds, so the lower mass stars are
located closer to the cluster. However, given the heavy con-
tamination of field stars (only around 20% to 60% of the
tail F-M stars can be recovered in an optimistic scenario;
see Table 3 and Sect. 5.2), it is improbable that these subtle
differences will be observed.
5. Observational limitations
We show that the confusion with field stars is a more lim-
iting factor when observing the Pleiades tidal tail than the
errors on Gaia measurements.
5.1. Accuracy of Gaia data
Which of the tidal tail morphologic or kinematic features
studied above can be detected by the accuracy of measure-
ments of Gaia in the case of the Pleiades star cluster? We
aim particularly at the Pleiades due to their proximity,
where the Gaia data will contain the smallest errors; the
case of more distant clusters is discussed in Sect. 7.4. The
expected errors of Gaia measurements are calculated for the
final data release 4 .
The errors of the position and velocity are estimated for
stars of spectral classes A0, F0, G0, and K0 at the distance
of the Pleiades (134±5 pc Gaia Collaboration et al. 2016a),
and at the outer parts of the tail (which we take to be
at a distance of 500 pc from the Solar System because the
majority of tail stars is located closer than this distance
for all considered gas expulsion scenarios, Fig. 12). This
implies a distance modulus of 5.6 for the cluster and 8.5 for
the outer tail.
At the distance of the Pleiades, the apparent G magni-
tude of an A0, F0, G0, and K0 star is 6.2, 8.3, 10.0, and 11.2,
respectively (the V magnitudes of these stars were taken
from Table 3.13 in Binney & Merrifield 1998, and the bolo-
metric correction for the Gaia G magnitude from Andrae
et al. 2018). In the final data release, Gaia will provide par-
allaxes with error σ$ = 7µas for stars with 3 < G < 12.09
(Gaia Collaboration et al. 2016b), thus the distance to all
stars in the Pleiades earlier than spectral type K2 will be
measured with an extremely high accuracy of 0.15 pc, and
Gaia will reveal even the relative distances between stars
within the cluster (with half-mass radius of ≈ 2 pc). The
error on radial velocity (the radial and transversal velocity
are relative to the Sun) was calculated by eq. 14 in Gaia
4 Because we did not find the errors of transversal velocity in
the literature for the final data release, we use the errors from
the current DR2 release, which are the upper limits of these
errors.
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Collaboration et al. (2016b), and it ranges from 0.5 km s−1
for A0 stars to 0.7 km s−1 for K0 stars. Assuming an error
on the transversal velocity of 60µas yr−1 (as for the Gaia
DR2 release) and a transversal velocity of the Pleiades no
higher than 50 km s−1, the error on transversal velocity is
less than 0.1 km s−1.
For the outer parts of the tail (at a distance of 500 pc),
the error on the distances for stars earlier than type F6,
which are brighter than G = 12.09, is 1.7 pc, and the errors
are 2.2 pc and 4 pc for G0 and K0 stars (see eq. 4 in Gaia
Collaboration et al. 2016b). The error on radial velocity
is 0.7 km s−1, 1.2 km s−1, 1.4 km s−1, and 4 km s−1 for A0,
F0, G0, and K0 stars, respectively. The error on transversal
velocity grows from 0.2 km s−1 for A0 stars to 0.5 km s−1
for K0 stars. The errors generally increase for less luminous
stellar classes.
Thus, the spatial structure of the whole tidal tail will
be well resolved, and probably the tail bulk velocity vy will
also be determined or constrained; we note that the Pleiades
appear to have the tail bulk velocity near zero at their age
(see lower right panel of Fig. 10). In particular, the extent of
the tail is an important signpost of the gas expulsion history
and can distinguish between different models (cf. Fig. 8
and Table 4 below). A velocity error always larger than
0.5 km s−1 is likely an obstacle in recognising the differences
in velocity dispersion between the models (Fig. 10).
5.2. Contamination from field stars
We have seen that Gaia will be able to clearly detect the
morphological signatures of the tidal tail. However, there
are field stars occupying the same area in the phase space
as the tail stars contaminating the tail. Now we discuss
whether the tail is distinct enough to be detected above
the background of field stars. We consider two sources of
contaminating stars: a smooth Galactic population repre-
sented by a Schwarzschild distribution function and a more
concentrated Hyades-Pleiades (HyPl) supercluster, which
is a prominent stream located close in the velocity space
to the Pleiades. These calculations present only an order of
magnitude estimate as the stellar distribution in velocity
space shows significant substructures, which are absent in
the smooth analytic models.
First, we discuss the Galactic population. We adopt the
properties of the Galactic field stars from the current iter-
ation of the Besançon model (Czekaj et al. 2014, see also
Robin et al. 2003). This model divides the stellar popula-
tion of the Galactic disc in seven groups according to their
age, spanning the whole lifetime of the thin disc, which is
assumed to be 10 Gyr. Each group has its mass density and
velocity dispersion. For an order of magnitude estimate we
neglect the contribution from the halo and the thick disc
to the stellar density near the Galactic midplane because
the contribution is less than 10 %. We take into account
only the stellar population of the thin disc. To obtain an
upper estimate on the contamination, we consider model A
of Czekaj et al. (2014) because it yields higher background
stellar density. We also convert the provided mass density,
ρfield, to the stellar number density, nfield, by assuming the
present-day mass function to be populated only in the in-
terval (0.08 M, 1.0 M); this is approximately the interval
populated by the oldest stellar group due to stellar evolu-
tion. This together with the IMF of Kroupa (2001) results
in 3.5 stars per one M of the population. We note that we
adopt a conservative estimate because this choice increases
the number density of contaminating stars.
Each age group j of the Besançon model has its den-
sity ρfield,j (in units of M pc−3), thus the number den-
sity of field stars of spectral class C in this group is
nC,field,j = 3.5fCρfield,j/M, where fC is the number frac-
tion of stars of spectral class C in a given stellar population.
The velocity distribution of the group is modelled with a
Schwarzschild distribution function, fschw (see eq. 4.156 in
Binney & Tremaine 2008), where we assume that the ratio
of radial to vertical velocity dispersion is σz/σR = 0.5 (Bin-
ney & Tremaine 2008), and that the ratio is independent
of the Galactocentric radius and the age group. We note
that the distribution function fschw = fschw(σU, σV, σW)
depends on the velocity dispersions, and thus that it is dif-
ferent for each age group 5 .
How many field stars happen to occupy the same vol-
ume in velocity space as the Pleiades? For this we adopt a
Galactocentric velocity vector of the Pleiades star cluster of
(Upl, Vpl,Wpl) = (−4.7,−23.8,−8.9) km s−1 (Chereul et al.
1999). The velocity dispersion, σtl, of the Pleiades tail is up
to ≈ 2 km s−1 for the majority of our models (Fig. 10), so
if we include a 2σtl margin of the tail velocity dispersion
(where the vast majority of the tail stars lie), we obtain
a velocity limit on stars associated with the Pleiades tail
to vtl = 4 km s−1. For comparison, we also calculate con-
tamination within 3σtl (vtl = 6 km s−1), which is higher,
and we list the value in brackets. Accordingly, we estimate
the fraction of the stars of group j, which contaminate the
Pleiades, as
fcont,j =
∫
||V˜||<vtl
fschw(U, V,W, σU,j , σV,j , σW,j)dUdV dW∫
(−∞,∞)3
fschw(U, V,W, σU,j , σV,j , σW,j)dUdV dW
, (2)
where
||V˜|| = {(U − Upl)2 + (V − Vpl)2 + (W −Wpl)2}1/2 . (3)
The number density of contaminating stars of spectral type
C from all the NG groups is then
nC,cont = ΣNGj=1nC,field,jfcont,j. (4)
The critical density for contamination occurs when
nC,cont ≈ nC,tl, (5)
where nC,tl is the number density of stars of spectral class C
in the tidal tail. Here we assume that spectral types in the
tail are distributed according to the adopted MF and are
well mixed (i.e. fC, the number fraction of stars of spectral
type C in the population, is independent of the position
within the tail). This assumption is justified by the results
presented in Sect. 4.2. Accordingly, we adopt nC,tl = ntlfC.
Equations (4) and (5) then imply the condition for thresh-
old contamination
ΣNG,Cj=1 nC,field,jfcont,j/fC ≈ ntl, (6)
where the upper sum limit, NG,C, denotes the oldest age
group containing main sequence stars of spectral type C.
5 Since the purpose of this section is to provide an order of
magnitude estimate, we neglect vertex deviation.
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Naturally, we focus on the brightest stars. However, the
most massive stars are absent due to stellar evolution, so for
the Pleiades, spectral classes A, F, G, and K are the most in-
teresting. For simplicity we assume that the younger groups
1-4 (age up to 3 Gyr) in the model of Czekaj et al. (2014, see
their table 4) contain stars of spectral class A0-K9, while
the older groups (5-7) in the model contain stars of spectral
class F0-K9. This gives ntl ≈ 7×10−8 pc−3(5×10−7 pc−3)
for A stars, and ntl ≈ 1× 10−5 pc−3(4× 10−5 pc−3) for F,
G, and K stars for vtl = 4 km s−1(6 km s−1).
It should be noted that the meaning of ntl is the num-
ber density of all stars in the tail where the density of the
selected spectral class (A or later than A, which is well
mixed in the tail) equals the density of the background
population (either for the Galaxy or for the HyPl stream)
of the selected spectral class. As a rough estimate, the ar-
eas in the tidal tail as traced by a given stellar type can be
recognised above background when the density of all stars
in the tail lies above ntl. There is a lower threshold value
for A stars than FGK stars not only because their presence
is restricted to the younger age groups, but also because
the younger groups have a smaller velocity dispersion, and
thus are more concentrated towards the origin of the ve-
locity space (U, V,W ). The threshold value of ntl for FGK
stars, which is more constraining than that for A stars, is
indicated by the white contours in Figs. 1 through 5. The
area enclosed by these contours shows the part of the tail
with acceptable contamination from field stars according to
the Besançon model. We also note that the contamination
for spectral types F, G, and K (and also M) are the same
regardless of the luminosity because we assume these spec-
tral types are represented in each of the seven Besançon
age groups (F stars lifetimes are shorter than the age of the
Universe, so their contamination is a bit lower than in the
later spectral types, but we neglect this in this first study).
Table 3 lists the expected ‘observed’ half-number radius
rh of the tail, as calculated from A stars and earlier, and
for FGK stars located above the threshold density ntl. The
table also lists the fraction p of tail stars located above ntl
(done for A stars and earlier and from FGK stars sepa-
rately). The left section of the table contains the results of
the analysis for all tail stars (i.e. in the case of no contam-
ination), while the middle section contains results for the
contamination of the Besançon model. For comparison, we
also list the total number of A stars and earlier (NA+) and
FGK stars (NFGK) within the tail.
The fraction pA+ of A stars and earlier above the con-
tamination threshold is very high (more than 80% for all
models having more than a handful of A stars, i.e. for all
models where their analysis makes sense from a statistical
point of view). The vast majority of A stars is not sig-
nificantly contaminated; they could be identified, and the
kinematics of tails in these models could be reconstructed
very well. Thus, their half-number radius, rh,A+, is com-
parable to the uncontaminated cluster (cf. columns 7 and
3). Thus, A stars offer a reliable tool for distinguishing the
different initial conditions for the Pleiades.
On the other hand, FGK stars are significantly contam-
inated, and only 40% to 70% could be identified. Although
the heavy contamination might skew the sample so that
important kinematic signposts are biased, they will still
allow us to distinguish at least between models with an
SFE = 1/3 and the other models by the number of stars
detected in the tail.
In the Galactic model of Czekaj et al. (2014), it is as-
sumed that the stellar velocity distribution is smooth and
represented by the Schwarzschild DF. However, there are
distinct stellar streams, which cause overdensities in the
UVW space. The streams typically encompass many star
clusters, OB associations and stars (Eggen 1958; Chereul
et al. 1998, 1999; Famaey et al. 2005). In particular, the
Pleiades star cluster is a part of the Hyades-Pleiades (HyPl)
stream. Although we demonstrated that the smooth stellar
background of a Schwarzschild DF does not obscure the
Pleiades tail, it is also necessary to estimate the magni-
tude of the background star contamination due to the HyPl
stream.
The HyPl stream is approximated by a 3D Gaussian
centred at (U, V,W ) = (−30.3,−20.3,−4.8) km s−1 with a
velocity dispersion of (σU, σV, σW) = (11.8, 5.1, 8.8) km s−1
(Famaey et al. 2005, their table 2). As for the estimate
for the Besançon model, we assume vtl = 4 km s−1, but
also list the contamination threshold for vtl = 6 km s−1
in brackets. To obtain an order of magnitude estimate, we
assume that all spectral types follow the same Gaussian
distribution, and that any stellar spectral type has the same
relative abundance in the stream as in the Galaxy’s field
population. With 392 giants identified within the stream
out of a total of 6030, and a number stellar density of the
total Galactic population of n = 0.14 pc−3 (Czekaj et al.
2014, their table 7), it implies that the number density of
the HyPl stream is n = 0.009 pc−3, and the number density
of the HyPl stream satisfying the velocity criterion is ntl =
2.0× 10−5 pc−3(7.0× 10−5 pc−3).
The threshold ntl for the HyPl stream is a factor of
2 higher than for the Besançon model for FGK stars. In
contrast to the Besançon model, the density threshold for
A stars is the same as that for FGK stars because of the
assumption that the HyPl stream is too young for stellar
evolution to significantly deplete its population of A stars
(Chereul et al. 1998).
While the contamination due to the Besançon model is
a lower estimate for the real contamination, we attempt to
put an upper estimate by adding the contamination due
to the Besançon model and HyPl stream together. The re-
sults for an ‘observation’ of the combined contamination are
shown in the right section of Table 3. The detection frac-
tion for A stars is significantly lower (around 30% − 60%
for most of the models), and also the ‘observed’ rh,tl radii
smaller than the real ones (the most affected models CGA
and CGW1 have observed rh,tl radii smaller by a factor
of several). This implies that it will be unlikely to distin-
guish between the gas-free models and models with adi-
abatic gas expulsion from the structure of the tidal tail;
however, models with rapid gas expulsion and SFE = 1/3
(and also SFE = 2/3) show conspicuously longer tails. We
note that for the combined contamination there is almost
no difference between the tails in A and FGK stars.
The combined contamination threshold is shown in Figs.
1 through 5 (actually three times the combined value to get
an upper estimate) by the black contours. Even for the up-
per estimate, the parts of the tail located above this thresh-
old density show clear differences between models CG13,
CG23, and the gas-free model CW1.
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Run name NA+ rh,A+ NFGK rh,FGK pA+ rh,A+ pFGK rh,FGK pA+ rh,A+ pFGK rh,FGK
[pc] [pc] [pc] [pc] [pc] [pc]
C03G13 68 198 192 217 1.00 198 0.73 165 0.60 149 0.51 129
C03G23 13 232 32 122 0.84 163 0.56 70 0.33 103 0.44 59
C03GA 4 169 10 75 0.84 98 0.50 46 0.23 37 0.30 36
C03W1 2 131 5 76 0.95 86 0.60 52 0.40 20 0.40 47
C03W5 16 56 48 57 1.00 56 0.98 57 1.00 56 0.98 56
C10G13 171 363 505 350 1.00 362 0.63 248 0.46 211 0.37 178
C10G23 26 289 67 192 0.88 248 0.48 98 0.25 119 0.30 78
C10GA 6 380 18 154 0.80 287 0.39 69 0.07 15 0.22 59
C10W1 0 0 6 106 - 0 0.50 66 - 0 0.17 58
C10W5 11 90 38 87 1.00 90 0.97 86 0.95 88 0.92 84
Table 3. Tidal tail contamination due to field stars at the age of the Pleiades. To provide an idea of the statistics, we also list the
total number of A and earlier stars (NA+) and the total number of F, G, and K stars (NFGK) in the tail per one simulation. We
calculate the half-number radius for each of the group separately (rh,A+ and rh,FGK). The values in Cols. 2-5 are for the tail in
total, i.e. without any contamination taken into account. Columns 6-9 list the fraction pA+ of stars earlier than A, and pFGK for F,
G, and K stars together which are located above the contamination threshold for the Besançon model, which is ntl ≈ 7×10−8 pc−3
for A stars, and ntl ≈ 1 × 10−5 pc−3 for FGK stars. The half-number radius for both subgroups calculated for stars that are
above the density threshold is denoted rh,A+ and rh,FGK. Columns 10-13 are the same as Cols. 6-9, but for the case of the higher
contamination, i.e. HyPl stream and the Besançon model together. In this case, the contamination threshold is ntl ≈ 2×10−5 pc−3
for A stars and earlier, and ntl ≈ 3× 10−5 pc−3 for F, G, and K stars. The contamination threshold for both the Besançon model
and HyPl stream is taken for velocity |vtl| . 4 km s−1 around the (Upl, Vpl,Wpl) = (−4.7,−23.8,−8.9) km s−1 velocity of the
Pleiades. The results are averaged over 4 simulations for the more massive clusters, and over 13 simulations for the lower mass
clusters.
6. Predictions for the Pleiades tidal tail
To apply the results of the previous sections to the Pleiades
star cluster, we find the values of the initial parameters
(mass and radius) which evolve at age tpl to a cluster with
similar mass, half-mass radius, and velocity dispersion as
the current Pleiades. We attempted to set the initial con-
ditions so that models with a different scenario of gas ex-
pulsion (e.g. SFE = 1/3 or gas-free clusters) evolve to the
state resembling the current Pleiades. Although the ensu-
ing clusters are similar, the tidal tails often demonstrate
remarkable differences for different gas expulsion scenarios,
opening the possibility to distinguish between the gas ex-
pulsion event in the case of the Pleiades after its tidal tail
is identified in Gaia data.
For the comparison we assume the current mass of the
Pleiades cluster to be = 740 M (Converse & Stahler 2008;
Pinfield et al. 1998), the half-mass radius rh = 2 pc (Limber
1962; Raboud & Mermilliod 1998), and the 3D velocity dis-
persion σcl = 0.5 km s−1 (Jones 1970; Raboud & Mermil-
liod 1998). The three quantities are compared with those for
each of the models with different initial conditions, which
are plotted in Figs. 6 and 7 (lower panel).
Both models CG13 have the expected rh; the agree-
ment is also close for σcl (with model C03G13 being very
close, and C10G13 approximately two times above σcl). The
lower and more massive models have Mcl(tpl) lower and
higher (280 M and 1800 M, respectively) than that of the
Pleiades. This indicates that the model with SFE = 1/3 and
rapid gas expulsion and initial mass somewhere between the
initial masses for these models (i.e. 1400 M and 4400 M)
evolves very close to the Pleiades. Accordingly, the predic-
tions for the tail morphology based on the assumption of
SFE = 1/3 and rapid gas expulsion lies somewhere between
the two models, C03G13 and C10G13. As we saw in Sect.
4, the tails of these models are close to each other, so this
prediction is robust. Following similar reasoning, models
C03G23 and C03GA also evolve to the state close to the
current Pleiades, so these models also give a prediction for
the tail morphology, but for different assumptions about
the gas expulsion scenario.
The radius for the gas-free models CW1 is close to the
observed value, but even the lower mass model C03W1 re-
sults in a cluster a factor of ≈ 2 more massive than the
Pleiades. This suggest that if the Pleiades started as a gas-
free cluster, its mass was approximately 2× smaller than
that of model C03W1, and the associated tidal tail is now
less numerous and a bit shorter than in this model. The de-
crease in mass in comparison to model C03W1 also lowers
σcl, bringing it closer to the observed value. The half-mass
radius of models CW5 is too large to be compared with the
Pleiades; on the other hand, the compact gas-free models
CW02 expand to rh ≈ 2 pc by tpl. Extrapolating from this,
if the Pleiades formed as an initially gas-free cluster, its ini-
tial half-mass radius could hardly be larger than 1 pc, but
it could be substantially smaller. The results of the most
interesting observable quantities of the tail are summarised
in Table 4.
The relative position of stars in the tail as seen from the
Solar System is shown in Fig. 13. Model C10G13 forms a
very rich tail, which stretches to large distances from the
cluster, with some stars located even at the Pleiades an-
ticentre. The number of stars Ntl,pi/4 angularly closer to
the Pleiades than 45◦ (Table 2) is only ≈ 30% of the to-
tal tail population. The asymmetry of the tail (the leading
tail is angularly longer than the trailing one) arises because
the leading tail is closer to the Sun. Models C03G23 and
C03GA form substantially shorter and less numerous tails,
with the majority (≈ 60 %) of stars located closer than 45◦
to the cluster. Gas-free model C03W1 forms the shortest
and poorest tail. Thus, to test the gas expulsion scenario,
it is insufficient to search for tail stars only in the vicinity
of the Pleiades, but the search should extend practically all
over the sky.
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Fig. 13. Position of the tidal tail in Galactic coordinates as seen from the Solar System. The shown models correspond to those
with the closest match for the Pleiades star cluster at the present time. The position of the Pleiades at (l, b) = (166.57,−23.5) is
indicated by the black circle. The colour represents the radial component of the tail velocity relative to the cluster as seen from
the Solar System (blue for an approaching star). To obtain the velocity relative to the Solar System, this velocity should be added
to the relative velocity between the Pleiades and the Solar System. The symbol size shows the stellar number density in the tail
at the star; the smallest points are for ntl . 2.0× 10−5 pc−3.
cluster model rh,tl[ pc] NA+,tl,obs NA+,tl,obs/NA+,cl MF tail
SFE = 1/3 fast GE 150 pc− 350 pc 40− 170 0.7− 2.7 canonical
SFE = 2/3 fast GE 100 pc− 200 pc 4− 11 0.05− 0.15 canonical
SFE = 1/3 slow GE 40 pc− 100 pc 1− 4 0.02− 0.07 canonical
SFE = 1 < 20 pc− < 90 pc < 1− < 2 < 0.02 depleted in stars of m & 1 M
Table 4. Summary of the predictions of different gas expulsion scenarios for the most robust observational quantities. The quantities
are tidal tail half-number radius, rh,tl, as traced by A stars; number of A stars and earlier in the tidal tail, NA+,tl,obs, located
above the contamination thresholds (NA+,tl,obs = pANA+,tl) and thus observable; ratio of the observable A stars and earlier in the
tail to those in the cluster, NA+,tl,obs/NA+,cl; and shape of the present-day tail MF. The lower (upper) bounds were obtained by
taking the minima (maxima) of corresponding quantities in Table 3 for the upper (lower) estimate of the contamination threshold
for A stars. The ratio NA+,tl,obs/NA+,cl is based on NA,tl/NA,cl in Table 2 assuming that all A stars and earlier in the cluster are
observed.
7. Discussion
7.1. Dependence on other parameters
As in numerical modelling, we could explore only a limited
region of the parameter space. In this study, we focus on
changing the SFE and the timescale, τM, of gas removal.
One parameter, which we do not change, is the duration
of the embedded phase td, which is related to the dynam-
ics of the ultra-compact HII regions, and which we always
take as 0.6 Myr. The range of values of this parameter has
not been studied extensively (the only study known to us
where td is varied is the work of Banerjee & Kroupa 2013,
but they studied a massive cluster, ≈ 105 M, with a me-
dian two-body relaxation time trlx much longer than td).
Observationally, the possible range of td is estimated to be
from almost zero up to several million years (Lada & Lada
2003; Ballesteros-Paredes & Hartmann 2007). This time is
comparable to the mass segregation timescale tms for 3 M
stars, which is ≈ 3 Myr (see Table 1). Clusters undergo-
ing longer embedded phase mass segregate, with more pro-
nounced mass segregation in lower mass clusters because of
their shorter relaxation timescale.
Mass segregation (either dynamically induced or pri-
mordial) might have a strong impact on the MF of the
tail, where the more massive stars (including those of spec-
tral type A) are located close to the cluster centre at the
time of gas expulsion, and the majority of them might be
retained, skewing the tail MF to lower masses, and reduc-
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ing substantially the number of tail A stars and possibly
also the extent, rh,tl, measured in A stars. However, the
extent of the tail in stars later than A is likely large and
comparable to the extent of the tail studied in the present
(non-segregated) models. An exploration of these parame-
ters might be an objective of a future work.
7.2. Role of molecular clouds
To model the gaseous potential, we resort to the same ap-
proximation that is usually adopted when dealing with a
gas component in the code: the gas distribution is spheri-
cally symmetric, and the centre of the gas sphere coincides
with the centre of the cluster. This is perhaps an accept-
able approximation for the infrared dark cloud which forms
the cluster, but the rest of the surrounding giant molecular
cloud (GMC) is not modelled. However, the total mass of
the GMC exceeds the cluster mass at least by a factor of
100. As the cluster emerges and destroys its parental in-
frared dark cloud, it continues dissolving the whole GMC
(other star clusters formed within the GMC do the same).
During the process, the newborn cluster is exposed to the
changing gravitational field of the GMC.
To do an order of magnitude estimate, consider an
idealised model consisting of a point mass GMC of mass
105 M located at a distance of 20 pc from a cluster of
mass 4.4×103 M. The resulting tidal radius of the cluster
in the field of the cloud is around 5 pc, which is substan-
tially less than the tidal radius imposed by the Galaxy,
which is ≈ 24 pc. Although the external GMC field acts
only for several Myr after the cluster formed, it is likely
that it has a large impact on cluster dissolution. However,
the only conceivable method for addressing this issue is a
radiative magnetohydrodynamical simulation including re-
alistic modelling of the cluster dynamics, a task which has
been gradually approached (e.g. Girichidis et al. 2011; Bate
2014; Gavagnin et al. 2017) but not satisfactorily solved,
and which falls beyond the scope of the present work.
We demonstrated in Paper I that the minima in oscil-
lations of tail I are well described by the analytic model.
Here we confirm that the analytic model can also be used
for the minima of the tails for the scenarios with rapid gas
expulsion and SFE . 2/3. In the analytic model the tail
thickness oscillates aperiodically in the direction x and pe-
riodically in the direction z with minima attained at time
events, which are solely functions of Galactic frequencies
ω, κ, and ν. However, these models are based on a smooth
model for the gravitational potential of the Galaxy. The
potential of the real Galaxy is substantially more substruc-
tured, mainly due to GMCs. As tail stars accelerate in the
gravitational field of a GMC, their trajectories get curved,
which causes shifts of the phases (i.e. α and ζ in eqs. 2 of
Paper I) of the affected stars. The spread of phases smears
the deep minima of tail thickness ∆x and ∆z as seen in
Fig. 9, possibly limiting the usefulness of ∆x and ∆z as
indicators for the gas expulsion scenario.
7.3. Implications of first Gaia results
Although no observation has been published about the
Pleiades tidal tail yet, we are aware of three open star clus-
ters, where extended tidal tails have already been observed:
the Hyades (Röser et al. 2019; Meingast & Alves 2019),
the Praesepe (Röser & Schilbach 2019), and Melotte 111
(Fürnkranz et al. 2019; Tang et al. 2019), which are of age
≈ 650 Myr, ≈ 800 Myr and ≈ 700 Myr, respectively. All
the observations reveal S-shaped tidal tails similar to tail
II without a noticeable tail I. Can these tails already give
us a clue about the SFE experienced by these clusters?
The longest simulations run only up to 600 Myr, which
is less than the age of these clusters, so we can provide
only an order of magnitude estimate. Progenitors to the
observed clusters were also probably less massive than the
available models. We study the tail properties at y = 150 pc
because it is the maximum distance for which the observed
tails were detected. From Fig. 6 in Paper I it follows that
while the density of tail II increases with time, the density
of tail I decreases, and the populations of both tails equi-
librate near y = 150 pc at t & 500 Myr. The figure shows
the number density projected onto line y. Because tail I is
typically broader in directions x and z, its volume density
is a factor of several lower than that of tail II, and tail I
would be more contaminated and more difficult to detect
at that time. Thus, the available observations, which fea-
ture the S-shaped tail II are not likely to show tail I even if
it were present. This suggests that younger clusters, where
tail I is denser, are more suitable candidates for probing the
conditions during gas expulsion.
In this context, it is interesting to mention the work of
Meingast & Alves (2019), who detect three stars comoving
with the Hyades, but located outside the expected body of
its S-shaped tail (upper left panel of their fig. 1). Although
these stars could belong to tail I (apart from the possibility
that they are contaminating sources), we defer further spec-
ulations before observations of tails around younger star
clusters become available.
7.4. Application to other star clusters
Some properties of tail I might be manifested better on clus-
ters of a different age than the Pleiades. During the early
evolution of star clusters, models with rapid gas expulsion
and low SFE ≈ 33% first rapidly expand, and then recol-
lapse. At the maximum of their expansion, clusters reach a
half-mass radius of 5 to 10 pc (Fig. 6), which means a low
density for a young age (5−20 Myr). Observations of young
expanded clusters, and also the state during the recollapse,
when the stellar velocity vectors converge back to the clus-
ter centre, which clearly distinguishes them from expanding
OB associations, would be a piece of evidence for low SFEs.
Another property which seems unique to models with
rapid gas expulsion is the motion of tail I between ≈
130 Myr and 180 Myr back towards the cluster (lower right
panel of Fig. 10). In contrast, tail II always expands out-
wards from the cluster (Küpper et al. 2008). The appro-
priate target would be a cluster of age ≈ 160 Myr and
of a higher mass (so that the tail velocity is large). A
possible cluster fulfilling these criteria is Stock 2 with an
age of ≈ 170 Myr, distance ≈ 320 pc and current mass
≈ 6000 M (Piskunov et al. 2008). Assuming that the
cluster formed with an SFE ≈ 33% and rapid gas ex-
pulsion, the semi-analytic model (eq. 20 in Paper I) cal-
ibrated to model C10G13 predicts a maximum velocity
vy(rh,tl) ≈ −3 km s−1 during the tail contraction. In con-
trast, if Stock 2 formed as a gas-free cluster with rh(0) =
1 pc, it produces only tail II stars which form a tail with a
positive expansion velocity (lower right panel of Fig. 10).
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Fig. 14. The stellar surface density for the star-forming molecular cloud and the most massive star cluster it formed for a
cluster assuming SFE = 100% (left panel), and SFE = 33% (right panel) at the age of 125Myr. We plot only the stars whose
velocities differ less than by 3 km s−1 from the star cluster. In the vicinity of the cluster (r . 100 pc), which is represented by the
black dot, the stars formed within a cloud are almost uniformly distributed while the stars released in the tidal tail are elongated
approximately along the y-axis. The colourscale and contours have the same meaning as in Fig. 1.
We note that if the age of Stock 2 is determined correctly,
the difference in vy should be detected as the expected error
of the final Gaia release in radial and transversal velocity
for A stars is 0.7 km s−1 and 0.2 km s−1, respectively.
7.5. Contamination by the stars formed in the same
star-forming cloud
It is likely that during its formation, the cluster was a part
of an extended star-forming region. The star-forming re-
gion formed other stars and clusters, which have partially
or completely disintegrated by the present time. These stars
were subjected to the same Galactic tidal forces as the clus-
ter in question, and they are located nearby in the position-
velocity space, forming an extended envelope around the
cluster. The envelope might be confused with tidal tail I
even if the cluster does not form the tail. Is it possible to
distinguish tail I from this envelope?
To perform an order of magnitude estimate, we adopt
the following model. Consider a spherical cloud of radius
50 pc, mass 105 M and velocity dispersion of 6 km s−1,
which is a representative GMC in the Galaxy (Heyer et al.
2009). The cloud transforms 5% of its total mass to stars
(Evans et al. 2009), with the most massive cluster hav-
ing initially Mcl(0) = 1200 M. We assume that the most
massive cluster survives to the present time, while all the
other star formation occurs in isolation at uniform density
throughout the cloud. The latter assumption is to impose
the worst-case scenario because forming the other stars in
clusters would facilitate their separation in the position-
velocity space from tail I of the cluster in question. We
consider two simplified models for the cluster. The first as-
sumes that the cluster forms with an SFE of 100%, so it
does not form tail I, and we neglect tail II as well because
it would contain only up to ≈ 100 stars in total (see Fig.
7). The other model assumes that the cluster forms with a
lower SFE of 33% and rapid gas expulsion, which forms a
rich tidal tail. In both models the star cluster is located at
rest at the centre of the GMC to place it at the point of the
highest contamination. The trajectories of the stars formed
throughout the cloud, as well as the ones released from the
cluster, are calculated by eqs. 2 of Paper I.
Figure 14 compares the stellar surface density of the
two models at time tpl. We take into account only stars with
relative velocity to the cluster smaller than 3 km s−1, which
corresponds to the initial velocity dispersion of the cluster.
The tidal tail I, which is formed in the model with SFE =
1/3 (right panel), can be clearly recognised in the vicinity
of the cluster (r . 100 pc) above the more uniform density
distribution resulting from the star formation throughout
the GMC, which is plotted in the left panel. The tail is also
located well above the density thresholds for field stars,
which were introduced in Sect. 5.2. Thus, it is likely that
if young star clusters form tidal tail I, it can be separated
from the more distributed star formation occurring in the
same cloud.
8. Summary
We attempt to shed some more light on the question of the
star formation efficiency (SFE) in young star clusters by
simulating these systems with the collisional code nbody6.
We vary the SFE in the range from 33 % to 100 %, and
also experiment with the rapid (impulsive) and slower (adi-
abatic) expulsion of the natal gas out of the cluster. Since
we aim to provide predictions particularly for the Pleiades
cluster due to its proximity, the mass of the models is cho-
sen so that the initial mass of the Pleiades likely fits be-
tween the mass of the stellar component of the modelled
clusters. Each of the simulations is run for a cluster mass of
1400 M and 4400 M, and the results are an average of 13
realisations of the lower mass cluster and 4 realisations of
the higher mass cluster. The star clusters are integrated in
the external field of the Galaxy, with a particular emphasis
on the formation and evolution of its tidal tail. The tidal
tail forms self-consistently from stars escaping the cluster
due to gas expulsion, dynamical evaporation, and dynami-
cal ejections, and we integrate the tail stars together with
the cluster for 300 Myr.
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The evolved tails (at the Pleiades age of 125 Myr) dif-
fer significantly for models with different scenarios for gas
expulsion. Models with rapid gas expulsion and a low SFE
of 1/3 form rich and extended tails, the number of stars
in the tail decreases substantially as the SFE increases to
2/3, with models with an SFE of 100 % having the least
populous tails. Models with adiabatic gas expulsion and an
SFE of 1/3 form significantly poorer and shorter tails than
the models with rapid gas expulsion. The morphology of
the tail during the first 200 Myr of evolution released from
clusters of different gas expulsion scenarios is shown in Figs.
1 through 5. While the tidal tail for models with rapid gas
expulsion and an SFE of 1/3 is dominated by stars from
tail I, the tidal tail for the models with adiabatic gas ex-
pulsion and an SFE of 1/3 consists of tails I and II with
fairly balanced populations.
The present-day mass function of the Pleiades tail is
close to the canonical MF for all the models except the
ones with 100% SFE and rh(0) = 1 pc, the MF of which is
depleted for stars ofm & 1 M. The cluster with SFE = 1/3
and rapid gas expulsion has an MF that is well mixed within
the tail, so the relative abundance of more massive stars is
independent on the distance from the cluster. On the other
hand, the clusters with SFE = 2/3 and rapid gas expul-
sion, and with SFE = 1/3 and adiabatic gas expulsion show
slight variations of the MF along the tail with less massive
stars, which are released due to gradual dynamical evapo-
ration, are more abundant closer to the cluster (Fig. 12).
However, given the contamination from the field stars, it is
unlikely that these subtle differences will be detected. We
note that the simulations feature clusters with no primor-
dial mass segregation; primordially mass segregated clusters
likely have tail I depleted from more massive stars.
We estimate the severity of observational limitations in
detecting the kinematic signatures which distinguish be-
tween different models. The distance errors on Gaia mea-
surements are so small that all stars earlier than at least
class K0 will be placed accurately within the whole tail.
The velocity errors are more restrictive, increasing with dis-
tance from the Solar System and for later spectral classes
(the typical error on tail velocity is ≈ 1.5 km s−1), making
tail velocity structures more difficult to observe in general.
Moreover, the bulk velocity, vy, of the tail stars along the
tail and the radial velocity dispersion, σx, are nearly zero
at the current age of the Pleiades.
We also provide an order of magnitude estimate of the
contamination due to the field stars. We consider two mod-
els for field star contamination: the Schwarzschild velocity
distribution with the values of the Besançon model, and
the Hyades-Pleiades stream. The contamination is far more
restrictive than the Gaia accuracy as only a fraction of
the tail stars are located above the density threshold for
the contamination, and these stars are located predomi-
nantly closer to the cluster, underestimating the true extent
of the tidal tail. Contamination from the field stars likely
smears out the subtle differences between gas-free models
and models with adiabatic gas expulsion (even though they
have a relatively low SFE = 1/3); however, even the upper
estimate on contamination does not prevent us from dis-
tinguishing between the models with rapid gas expulsion
with SFE = 1/3 from these of rapid gas expulsion with
SFE = 2/3 and these from the gas-free models.
Taking the observational limitations into account, the
most promising indicators for distinguishing the initial con-
ditions for the Pleiades at their current age are as follows
(see Table 4 for details):
– The ratio of the number of stars in the tail to the number
of stars in the cluster. The prominent tails of the models
with SFE = 1/3 and rapid gas expulsion contain 0.7 to
2.7 times more A stars than the cluster. Increasing the
SFE to 2/3 decreases the ratio to 0.05 − 0.15. Clusters
with adiabatic gas expulsion have poorer tails with this
ratio being 0.02− 0.07. Gas-free clusters form the poor-
est tails with this ratio being smaller than 0.02. These
ratios are similar for stars of other spectral types, but
A stars are likely to be the least contaminated by the
field population. We do not expect the differences be-
tween the models with SFE & 2/3 and the models with
adiabatic gas expulsion to be detected due to contami-
nation. On the other hand, if clusters experience early
rapid gas expulsion with SFE . 2/3, they are accompa-
nied by rich detectable tails.
– The half-number radius rh,tl of the stars which can be
observed in the tail: As the SFE increases from 1/3 to
2/3 and 100%, the observable value of rh,tl decreases
from 150−350 pc to 100−200 pc and < 20 pc− < 90 pc
for models with rapid gas expulsion. Models with adi-
abatic gas expulsion have an observable rh,tl ≈ 40 pc−
100 pc.
– Models with rapid gas expulsion (for SFE ≈ 1/3) pro-
duce two kinematically distinct tails: tail II is short,
poor, and S-shaped enveloped within a large, thick, and
numerous tail I. Only the models with rapid gas ex-
pulsion form large enveloping tails. The enveloping tails
have many stars in quadrants where the product xy is
positive; these quadrants are almost devoid of stars for
the gas-free models (middle row of Fig. 1 and Fig. 4 in
Paper I).
The early rapid gas expulsion with a relatively low SFE
(≈ 30 %) leaves other kinematic signatures, which can be
observed for clusters of different ages than the Pleiades.
Particularly, at a young age (≈ 5 − 20 Myr), the clusters
first expand and then recollapse. The stellar velocities con-
verge towards the cluster centre during recollapse, which
would distinguish them from the expansion or disorganised
motions as often seen in OB associations. The expansion of
the tail is non-monotonic where periods of expansion are
interspersed by periods of contraction (the first contraction
occurs between ≈ 130 Myr and ≈ 180 Myr). In contrast, the
tails from evaporating stars are always expanding (Küpper
et al. 2008). An observation of a star cluster surrounded by
a large tail moving towards the cluster would indicate a low
SFE and rapid gas expulsion.
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Appendix A: Detail of half-mass radius evolution
Figure A.1 zooms-in on the half-mass cluster radius evolu-
tion during the first 10 Myr after cluster formation.
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Fig. A.1. Details of the evolution of the star cluster half-mass radius rh for selected models. The results for lower mass clusters
(Mcl(0) = 1400M) are shown in the left panel, for more massive clusters (Mcl(0) = 4400M) in the right panel. An estimated half-
mass radius for a system assuming conservation of adiabatic invariants, i.e. rh(0) ≈ rh(0)(Mcl(0) +Mgas(0))/(Mcl(0) +Mgas(t)) ≈
3rh(0)/(1+2 exp (−(t− td)/τM)), where the second equality follows from eq. 27 in Paper I and SFE = 1/3, with the gas expulsion
timescale τM = 1Myr, is indicated by the yellow dotted line.
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